Objectives-The aim of this study was to investigate whether sonography is a reliable tool for measuring deep abdominal muscle activation in different static arm positions while standing.
A change in the distribution of activity within and between trunk muscles is one of several potential mechanisms that might be related to chronic low-back pain.
1,2 Neuromuscular control of the spine is ensured by both preparatory and responsive regulations and has been mapped in a number of studies. [3] [4] [5] Intramuscular electromyography (EMG) is considered the reference standard when registering deep trunk muscle activity, with minimal cross talk from overlaying muscles. However, the intramuscular method is invasive and can cause discomfort on insertion of the electrodes. In addition, the electrodes have a small pickup area, which may weaken the reproducibility of trunk muscle activation patterns in different functional tasks.
Sonography is a noninvasive alternative method. It provides a visual representation of muscle function and allows the recording of muscle thickness and fascial sliding. Some studies have shown acceptable correlations between sonographically derived measures and deep trunk muscle activation measured with EMG in nonweight-bearing positions. [6] [7] [8] Others have indicated weak relationships between the EMG signal amplitude and sonographic measurements in the supine position. 9 Hence, the trustworthiness of sonography for recording deep trunk muscle activity in relation to EMG measurements needs further assessment, particularly in functional tasks.
A systematic review concluded that sonography can be confidently used to measure the size of the deep trunk muscles during low-effort isometric contractions, even though the relationship between muscle activation and muscle size is complex and probably context dependent, affected by factors such as contraction type (concentric or eccentric) and intensity. 10 Consequently, obtaining reliable estimates of trunk muscle activation via thickness measurements in more functional weightbearing situations (eg, with the arms in different positions) may be even more challenging than the traditional supine test paradigm. Potential confounding factors such as muscle deformation due to different arm positions may invalidate the relationship between muscle deformation and activation. 11 However, these factors have not been explored. If trunk muscle activation patterns recorded by sonography can produce comparable results during the same functional tasks as has previously been investigated with intramuscular EMG, 12 it could bring about a more accessible method for assessing motor regulation during essential daily functions. Furthermore, the application of sonography to functional tasks in weightbearing situations requires that the reliability of deep muscle activation recorded by sonography imaging be determined. Thus, the overall aim of this study was to investigate whether sonography is a reliable tool for measuring deep trunk muscle activation in different standardized static arm positions while standing.
Materials and Methods

Participants
Eighteen healthy volunteers participated in the experiment. They were recruited from the physiotherapy undergraduate program at the Sør-Trøndelag University College in Trondheim, Norway. There was no reimbursement for participation, and there were no academic relationships between the participants and the investigators. To be eligible for participation, they were not allowed to have had back pain causing absence from work or school or any muscular, skeletal, neurologic, or Figure 1 . A, Four different positions assumed by the participants. B, Passive and active phases used in the extended protocol (only position 1 is shown). In the passive phase, a sling supported the arms. In the active phase, the arms were slightly elevated, making the sling drop.
inflammatory disease. Participants reported performing physical exercise on average (SD) 4 (1.6) times per week. All participants read and signed a written consent form before commencement of the experiment. The protocol was approved by the Institutional Medical Research Ethics Committee and was conducted in accordance with the Declaration of Helsinki.
Procedure
The participant stood barefoot on the floor with a 3-kg dumbbell in each hand. The task was to hold both arms symmetrically, in 4 different static positions ( Figure 1A ). 12 Each position was held for approximately 3 to 5 seconds, including at least 1 expiration, and was repeated 10 times in random order. After the first 5 participants, an extension of the protocol was performed for the remaining 13 participants, in which positions 1 and 3 were altered to consist of 2 phases, 1 passive and 1 active ( Figure 1B) . By initially resting the arms in a sling, the arms could be relaxed (evaluated by the participants' affirmation that they could completely relax their arms). Then the participants lifted their arms approximately 2 cm to eliminate the support from the slings, and the arms were kept actively in that position. Sonographic recordings were made continuously over the passive and active phases. Two investigators assisted during data collection. One investigator held the transducer and observed the breathing pattern of the participant by means of movement of the abdominal wall and ribcage. On visual identification of the end of expiration, the investigator gave a signal to the other investigator handling the ultrasound device, who marked the correct frame number for later analysis.
Image Acquisition and Analysis
Sonographic recordings were made with a Vivid 7 ultrasound scanner and an M12 linear transducer set to 10 MHz and used in B-mode (GE-Vingmed Ultrasound, Horten, Norway). The placement of the transducer was halfway between the 11th costal cartilage and the iliac crest on the right side of the body, angled slightly obliquely to approximate the muscle fiber direction of the transversus abdominis. 6 The transducer placement was adjusted so that the medial myofascial junction of the transversus abdominis was located to the left on the sonographic display and the transversus abdominis and obliquus internus abdominis were clearly visible ( Figure 2) . 13 To help minimize movement of the transducer, the participant wore a broad polychloroprene belt with a hole cut out that exactly fit the transducer.
Analysis of the sonographic recordings was made with a custom-written script in MATLAB (The MathWorks, Natick, MA). Measurements were performed on the image acquired from the end of normal expiration for every repetition of each arm position. The position of the medial myofascial junction of the transversus abdominis was identified, and thickness measurements were made within the fascial boundaries of the transversus abdominis and obliquus internus abdominis perpendicular to the inner fascia of each muscle at 10 and 20 mm lateral to this position (medial and lateral measurement locations, Figure 2 ). In the extended protocol, 1 image was acquired from the active phase and 1 from the passive phase. For the 13 participants with an extended protocol, mediolateral displacement of the medial myofascial junction (fascial slide) between the passive and active phases in positions 1 and 3 was measured as the difference in the identified positions of the medial myofascial junction in the images from the respective phases.
Statistical Analysis Reliability Analysis
The reliability analysis was performed as a generalizability theory analysis in EduG version 6.1 software (IRDP, Figure 2 . Sonogram illustrating the measurements performed. In each image, the medial myofascial junction was identified and then measurements were undertaken 10 (medial location) and 20 (lateral location) mm lateral to this position. Each measurement was perpendicular to the inner fascia of the measured muscle; lat indicates lateral; med, medial; OI, obliquus internus abdominis; and TrA, transversus abdominis.
Neuchatel, Switzerland).
14 The model was defined with participant, arm position, muscle, measurement location, and repetition (number of trials in each arm position) as 5 facets in a fully crossed design (18 3 4 3 3 3 2 3 10). To ensure a balanced data set, the multiple imputation method in SPSS 21 (IBM Corporation, Armonk, NY) was used. The mean across 5 iterations replaced the missing data. The generalizability analysis is based on a repeated-measures analysis of variance (ANOVA) and differed from classic test theory in that it allowed partitioning of the total variance in the data set into different sources: ie, quantifying the variance belonging to each facet and the interactions between facets. The facet "participant" was defined as the differentiation facet, and the remaining 4 facets were defined as instrumentation facets. Arm position and muscle were defined as fixed facets: ie, no efforts could be made to generalize the results beyond the positions and muscles included in this study. The absolute G coefficient, which is used in generalizability theory, is equivalent to the intraclass correlation coefficient, 15 for which 0 represents no reliability and 1 represents perfect reliability. Acknowledging the arbitrariness of the interpretation of correlation coefficients, [16] [17] [18] the cutoff value for high reliability in this study was set to 0.85.
A decision study, also known as a D-study or an optimization study, was performed to estimate the number of repetitions needed to get a reliable muscle thickness measurement.
14 This analysis was performed with the level of the facet arm position and muscle reduced to a single level so that the impact of changing the number of repetitions for each combination of arm position and muscle were analyzed. In the study, the number of repetitions increased stepwise from 1 to 10, (with all other facet levels kept constant). Another decision study was performed with all levels of all facets included, with the amount of parallel measurement locations increasing stepwise from 1 to a hypothetical value of 5 (all other facets kept constant). The standard error of measurement (SEM) is a good indicator of the precision of measurements and was used to calculate the minimal detectable change according to Preuss, 19 considering a confidence interval of 95% (1.96 3 ͱ(2 3 SEM)). 19 
Significance Analysis of Differences
The statistical analysis regarding muscle thickness and fascial sliding was performed in SPSS 21 (IBM Corporation). To better approximate a normal distribution of the residuals, by visually inspecting histograms, the data were log transformed. However, for ease of interpretation, the results are presented in an untransformed format. For changes in thickness between arm positions, a separate 2-way repeated-measures ANOVA was performed for each muscle with the mean muscle thickness across the 10 repetitions of each position as the dependent variable and arm position and measurement location as within-subject factors. For the participants that performed the extended protocol, the active phase of positions 1 and 3 was used in this part of the analysis. For the comparison between the passive and active phases within positions 1 and 3 for the extended protocol, a separate 3-way repeated-measures ANOVA was performed for each muscle with mean muscle thickness as the dependent variable and position, phase (active/ passive), and measurement location as within-subject factors. For all ANOVA models, post hoc pair-wise comparisons were performed with Bonferroni corrections if any main or interaction effects were found. For the analysis of fascial sliding (mediolateral movement of the medial myofascial junction of the transversus abdominis) between the passive and active phases of positions 1 and 3, a 1-sample t test was performed. The level of significance was set to P < .05.
Results
The 18 volunteers included 13 women and 5 men with a mean age (SD) of 22 (2.5) years, height of 170 (7.5) cm, and weight of 65 (10.0) kg. Of all thickness and slide measurements, 10% were deemed inadequate because of poor image quality or because the lateral measurement location did not fit in the image. The inadequate measurements were dispersed among all participants and arm positions and were discarded from further analysis.
Reliability
The absolute G coefficient for the full model was 0.41. A high variance proportion, 62% of the total variance, was attributed the facet "muscle"; 13.2% was explained by between-participant variance; and 0.6% was attributed to the variance between arm positions. When the analysis was rerun for each muscle separately (muscle excluded as a source of variance) across all arm positions, measurement locations, and repetitions, the absolute G coefficients were 0.91 and 0.86 for the obliquus internus abdominis and transversus abdominis models, respectively. The portions of the total variance in the separate models explained by between-participant variance were 59.9% and 40.9%, and the portions explained by arm position were 1.2% and 5.4% for the obliquus internus abdominis and transversus abdominis models. The proportions of variance explained by the measurement location were 9.1% and 8.2% for the obliquus internus abdominis and transversus abdominis models.
The results of the decision study regarding the number of repetitions needed to get reliable measurements are illustrated in Figure 3 . Except for the flexedshoulders position, the reliability for thickness measurements of the obliquus internus abdominis was higher than for the transversus abdominis. For the obliquus internus abdominis, as a ballpark figure, none of the positions required averaging over more than 2 repetitions to get an absolute G coefficient of greater than 0.80. For the transversus abdominis, 3 repetitions were needed with shoulders flexed and arms alongside the body and 5 repetitions with arms above the head to achieve the same reliability level. For the position with the shoulders extended, the thickness measurement of the transversus abdominis did not reach a G coefficient of 0.80 even after 10 repetitions. The minimal detectable change in muscle thickness decreased with increased repetitions for both muscles (Figure 4) . Although the absolute minimal detectable change was higher for the obliquus internus abdominis than the transversus abdominis (ie, lower absolute precision), the relative minimal detectable change expressed as a percentage of the grand mean was lower (Figure 4) .
The second decision study concerned the number of measurement locations. It showed that when averaging the 2 measurement locations in this study, the absolute G coefficients (SEM) were 0.91 (0.
Significance Analysis of Differences Between Arm Positions and Measurement Location
The thicknesses of the obliquus internus abdominis and transversus abdominis in all arm positions at the medial and lateral measurement locations, together with the mean across measuring locations, are presented in Table 1. There was no interaction effect between arm position and measurement location. A main effect for measurement location (medial/lateral) was found for both muscles (P < .001). Both muscles were thicker at the lateral measurement location (P < 0.001) across all positions. A main effect for arm position was found only for the transversus abdominis (P < .001), indicating no statistically significant difference in thickness between positions for the obliquus internus abdominis (P 5 .059). The transversus abdominis was thicker in position 1 (shoulders flexed) compared with positions 3 and 4 (shoulders extended and arms above the head, respectively; P < .021) and in position 2 (arms alongside the body) compared with position 3 (shoulders extended; P < .005) at both measurement locations. Furthermore, the muscle was also thicker in position 2 compared with position 4 at the lateral measurement location (P 5 .046).
Between Passive and Active Phases
Between the passive and active phase within arm positions 1 and 3, there was an interaction effect between arm position and phase on muscle thickness for both muscles (P < .007). Thus, the relationship between thickness and phase was dependent on the arm position. In position 1 (shoulders flexed), there was no difference in thickness between the passive and active phases for either of the muscles (P > .107). In position 3 (shoulders extended), both muscles were thicker in the passive phase (P < .013; Figure 5 ).
There was a statistically significant lateral displacement of the medial myofascial junction of the transversus abdominis in the active versus the passive phase in shoulder flexion (P 5 .021), corresponding to a mean (SD) lateral fascial slide of 0.46 mm (2.28). With the shoulders extended, a medial slide of 4.76 mm (4.68) from the passive to the active phase was registered (P < .001).
Discussion
This study showed that the intrasession reliability of thickness measurements of the transversus abdominis and obliquus internus abdominis was generally high across different static arm positions during upright standing using the study protocol. However, for the transversus abdominis measurements, the absolute G coefficient did not suggest high reliability in the position with the shoulders extended. The finding that the deep abdominal muscles were thicker when the arms were in a supported extended position than in the loaded equivalent indicates that muscle thickness, measured by sonography, as a surrogate for muscle activation is not straightforward in tasks that may induce passive muscle deformation. According to a systematic review, most high-quality studies indicate that sonography measurements provide sound and reliable estimates for muscle activation, especially when muscle thickness is used to express activation. 20 However, these studies were performed in supine and prone positions. 10, 21 Little is known about the reliability and validity of sonography measurement of muscle activation in a standing position. One study, however, provided reliability data suggesting that averaging 2 measurements of the transversus abdominis and obliquus internus abdominis gives reliable estimates (intraclass correlation coefficient > 0.7) of muscle activation in sitting and lying as well as standing positions. 22 However, the study participants were 10 to 15 years old; therefore, the results cannot be directly translated to adult populations. Furthermore, the recordings were performed in quiet standing. To our knowledge, this study is the first to provide sonographic reliability data for adults with different arm positions (loading conditions) while standing.
The differences between arm positions explain only a very small part of the variance in this data set, which was overshadowed by measurement location, for example. Thus, muscle thickness, as measured in this study, is more dependent on where in the muscles the measurements are made than in what arm position they are made in. This is challenging, as the aim of this setup is to be able to distinguish between activation patterns attributable to the specific postural demands placed on the body in the specific positions. In an earlier study, the changes in muscle activation measured by intramuscular EMG of the obliquus internus abdominis and transversus abdominis across the same arm positions, as in this study, were observed to be within 11% and 7% of a maximum voluntary contraction, respectively. 12 Although it has been shown that sonography has sensitivity for detecting changes of 12% of a maximum voluntary contraction in the transversus abdominis, 6 the difference in activation between positions might be below what is distinguishable with thickness measurements, with the relative minimal detectable change in thickness never dropping below 20% for the obliquus internus abdominis and 30% for the transversus abdominis (Figure 4 ).
The rationale behind using sonography as a measure of muscle activation is the empirically observed link between muscle swelling and activation. 6, 23 This link is plausible in light of the physiologic relationship between neuromuscular electrical activity that induces sliding of actin-myosin filaments and muscle shortening. However, not only the neural drive but also the deformation of the muscle due to the type of contraction (eg, concentric/ eccentric), passive stretching, and surrounding tissue will affect the thickness change and fascial slide. 11, 24, 25 In this study, the thickness of the measured muscles did not increase during the active phases in positions 1 and 3 (shoulders flexed and shoulders extended) compared with position 2 (arms alongside the body). In the aforementioned study with the same arm positions and loading as in this study but with EMG recordings, the transversus abdominis showed increased activation in position 1 (shoulders flexed), and all abdominal muscles showed increased activation in position 3 (shoulders extended) compared with position 2 (arms alongside the body). 12 One of the reasons for the incongruence between sonographic imaging and measurement of muscle activity by intramuscular EMG in the previous study may be the stretch induced on the abdominal muscles by the arm positions, especially position 3. However, this factor could not explain the lack of a thickness difference in the transversus abdominis between positions 1 and 2 (shoulders flexed and arms alongside the body). In these positions, there is no major difference in the stretch. Perhaps the lack of a substantial thickness increase in position 1 occurred because the difference in the activation level was too small to be detected by sonographic measurements, as elaborated on above.
Decreased muscle thickness from the passive to active phase was observed in shoulder extension. One possible explanation for this surprising finding may be that, although there was a minimal difference in arm position between the active and passive phases, the participants might have tried to achieve the additional degrees of shoulder extension necessary for lifting the arms from the slings by elevating the ribcage, especially if they were close to the end of their range of motion in shoulder extension. By doing so, the abdominal muscles would have been more stretched in the active than the passive phase even though the activity level might have been higher. Regardless, the disparity between the results in this study compared with previous reports on EMG recordings in the same arm positions 12 provides support for the idea that the relationship between muscle deformation and activation is complex and, to a high degree, context dependent. 10 Electromyographically and sonographically derived measurements of abdominal muscle activation in different arm positions with variable passive tissue stretching have not been compared directly. Further studies with simultaneous measurements are required to obtain a more solid basis to assess the validity of the sonographic measurements during functional tasks. Additionally, more sophisticated ultrasound technology is evolving, possibly allowing more precise quantification of motor activity in the future.
In addition to the thickness change, the lateral slide of the medial myofascial junction of transversus abdominis has been considered a proxy measurement for transversus abdominis activation. 11 In the flexed-shoulder position, we observed a lateral slide in the active relative to the passive phase. Together with a nonsignificant increase in muscle thickness, this finding is congruent with muscle activation of the transversus abdominis in shoulder flexion. On the contrary, the decrease in the thickness of the transversus abdominis in the actively extended shoulder position was associated with a medial slide of the myofascial junction, indicating thinning of the transversus abdominis without muscle activation or only marginal activation. From a methodological point of view, slide measurements are particularly vulnerable to movements of the transducer, since the measurements aim to identify changes in the anatomic location over time, based on a sonogram that is kept in the same position, whereas the thickness measurements are recorded along the ultrasonic beam axis between reproducible fixed anatomic sites within the muscle. Standardized placement of the ultrasound transducer and keeping it still during recording are critical in sonography. 26, 27 It has been proposed that the risk of moving the transducer is reduced if the transducer is placed in a dense foam cube. 28 However, this approach has been shown to have limited, and possibly negative, effects on the reliability of the measurements. 21 In this study, we cut a hole in a polychloroprene belt, which was put around the participants' waist, to fit the tip of the transducer and to minimize movements. Small movements of the transducer might still have occurred and thus possibly have primarily affected the slide measurements.
Normative reference ranges for abdominal muscle thickness in the supine position while contracted during a submaximal task (an active straight leg raise) have been provided from 340 active healthy adults. 29 Calculated from the reported data in the previous study, the mean submaximal thicknesses across men and women were 4.0 and 9.8 mm for the transversus abdominis and obliquus internus abdominis, respectively. These thickness values are roughly in agreement with those for arm position 2 (arms alongside the body) in this study (mean values for both measurement locations, 4.6 and 10.6 mm for the transversus abdominis and obliquus internus abdominis). However, it is difficult to compare the values directly, since the data were obtained during different tasks, thus with slight differences in activation levels and with different measurement locations. However, previous data from transversus abdominis measurements in the standing position, measured 15 mm from the medial myofascial junction, showed a thickness value of 4.6 mm, 30 which again was similar to the value for position 2 (arms alongside the body) in our study. Together, these reference values lend credibility to the accuracy of our measurements.
Some considerations are necessary when interpreting this study. There is a wide range of cutoff values used in the literature to define a high level of reliability, from 0.75 17 to 0.90. 16, 18 Although 0.85 was used in this study in an effort to balance between the extremes, the coefficients should always be interpreted according to the context in which they are reported. The participants in this study were all young and fairly active individuals, which makes it difficult to generalize to other groups. However, we propose that sonographic measurements may have limited validity in low-load functional tasks because of variations in passive muscle stretching between arm positions. We believe this factor to be universal regardless of the characteristics of the population under study. It would have strengthened the interpretation had we also had direct comparisons between thickness measurements and EMG findings, but care was taken to execute the different arm positions as closely as possible to the previous study using EMG. 12 Hence, we believe that the positions adopted in this study were accurate enough to enable comparisons with the previous work.
In conclusion, the results indicate that sonographic recordings of the obliquus internus abdominis and transversus abdominis in different static arm positions while standing with later offline analysis provide reliable measurements of muscle thickness, except transversus abdominis measurements in shoulder extension.
Although methodologically reliable, the sensitivity for detecting thickness changes in the obliquus internus abdominis and transversus abdominis between different arm positions evaluated during low-load functional tasks might not be sufficient. Furthermore, the results raise some concerns regarding the validity of using thickness measurements as proxies for muscle activation in positions that may induce passive muscle deformation. Application of sonography for muscle thickness imaging in functional tasks should likely be reserved for tasks requiring a larger change in muscle activation than that occurring between the arm positions in this study.
